We study the thermodynamic consequences of a recently proposed chain description for a Schwarzschild black hole arising from two mutually orthogonal Euclidean D3 − D3 brane-antibrane pairs. A discrete mass-spectrum of Bekenstein-type is inferred and it is shown that the chain's temperature coincides exactly with the Hawking-temperature. Likewise the chain's specific heat is shown to agree with the black hole result. Moreover, non-trivial corrections to both Hawking-temperature and specific heat are obtained.
INTRODUCTION
It has been argued [1] quite early that Quantum Gravity should give an equidistant discrete spectrum for the horizon area of a black hole. The logic being that the horizon area represents an adiabatic invariant which leads to a discrete spectrum upon quantisation with Bohr-Sommerfeld rules. Using the fact that for a neutral, non-rotating Schwarzschild black hole the horizon area A H is related to its mass M BH through its Schwarzschild radius r S = 2G 4 M BH , one derives from this the discrete Bekenstein mass-spectrum
of the black hole. Such a spectrum has been discussed and confirmed in many ways [2] , [3] , [4] . In some approaches to a quantum treatment of black holes like e.g. the reduced phase space quantisation method [4] , [5] this mass-spectrum gets augmented by an additional zero-point energy. This becomes important if one addresses the ultimate fate of the evaporating black hole but otherwise can safely be ignored for macroscopic black holes for which N will be extremely large.
The discreteness of the mass-spectrum implies a drastic departure from the thermal Hawking radiation spectrum. Indeed energy can only be radiated off a macroscopic black hole at frequencies which are integer multiples of ω ≃ 1/M BH [3] and are thus in principle observable at energies much lower than the Planck-scale. By detecting such quanta at various energies one might be able to distinguish experimentally between different approaches on how to quantise gravity. For instance Loop Quantum Gravity [6] predicts a discrete area-spectrum as well which is however not equispaced [7] .
Here, we want to focus on a recent approach rooted in String-Theory which identifies the microscopic black hole states as long chains living on the worldvolume of two dual Euclidean brane pairs [8] . We will show that this approach leads directly to a discrete Bekenstein mass-spectrum for the D=4 Schwarzschild black hole. Moreover, the proportionality constant between M BH and √ N is fixed, in contrast to many other approaches, and will allow us to derive the Hawking-radiation exactly without the need to fix an undetermined multiplicative factor appropriately. Furthermore, we will obtain within this approach the correct negative specific heat for the Schwarzschild black hole.
CHAINS FROM BRANES
Let us start with type IIB String-Theory on a ten-dimensional manifold M (1, 3) 
i.e. a torus compactification down to four dimensions. It will be convenient to think of the
Following [8] we wrap a Euclidean D3 − D3 brane-antibrane pair around S 2 × T 2 , where the sphere is contained in M (1, 3) , plus a further orthogonal Euclidean D3 − D3 pair around the T 4 . This configuration breaks all supersymmetry and leads to a non-extreme D6-brane geometry where M (1, 3) becomes the D=4 Schwarzschild black hole spacetime. In addition S 2 gets identified with the spherical event horizon S 2 H of the black hole such that the two D3 − D3 pairs are localised at the event horizon (see [9] for details). With this identification at hand it can be shown [8] that the BekensteinHawking (BH) entropy of the D=4 Schwarzschild black hole can be expressed purely in terms of the Nambu-Goto actions S D3 , S D3 of the two brane pairs as
The crucial point now is to think of the tension τ Dp of a Euclidean Dp-brane as the inverse of a fundamental smallest volume unit v Dp (in our current application for a D3)
which is an interpretation more adapt to a Euclidean brane as it treats all worldvolume dimensions equally (as opposed to an interpretation as a mass per unit volume which allocates a special role to the time-direction). Consequently a Euclidean D3-brane or likewise the D3-antibrane can be thought of as a lattice made out of cells with volume v D3 . The number N D3 of such cells is precisely measured by the brane's Nambu-Goto action
and similarly for N D3 . Therefore the D=4 Schwarzschild black hole's BH-entropy becomes simply an integer N
which stands for the total number of cells contained in the worldvolumes of the two D3 − D3 pairs.
In order to derive the black hole's BH-entropy by counting an appropriate set of microstates, it was proposed in [8] to consider long chains composed out of (N − 1) links on the lattice formed by the D3 − D3 pairs' worldvolumes. A quantum-mechanical counting (a Gibbs-correction factor was included to account for the quantum mechanical indistinguishability of the cells) then delivered an entropy for the chains
Hence, by virtue of the identification (5) the chains living on the black hole's horizon (where the branes are located) can explain both its BH-entropy and the known logarithmic corrections [10] thereof.
BEKENSTEIN-MASS SPECTRUM AND HAWKING-TEMPERATURE
Let us now study the consequences of the chain proposal. By expressing S BH for a Schwarzschild black hole in terms of its mass
one recognises from (5) that the black hole mass-spectrum becomes discrete (quantised)
and is of the Bekenstein-type. Notice that the reason for this is simply the fact that we interpreted the brane's tension as an inverted smallest volume unit which led to the discretisation of the branes' worldvolumes in terms of cells and did not require the notion of the chains yet.
As pointed out first in [3] this type of mass-spectrum offers an experimental verification well below the Planck-scale. For microscopically small Planck-sized black holes with N not much bigger than one, the energy radiated off the hole when jumping down from one energy level to the next is of order the Planck-scale
However, when considering macroscopically sized black holes with N ≫ 1 then a level jump is accompanied by an energy-loss (M ⊙ the mass of the sun)
which is generically considerably smaller than Planck-scale and therefore possibly detectable. For instance primordial black holes with a lifetime of order the present age of the universe have a mass M BH = 2.5 × 10 −19 M ⊙ and would emit quanta at an energy of ∆E N = 0.5 GeV.
Let us now turn to the chains and examine their temperature in the microcanonical ensemble approach. From the discrete composition of the chains out of N − 1 links it is clear that the energy E c of a chain will depend on N. Now the successful identification of the microcanonical chain ensemble's entropy with the BH-entropy [8] suggests to identify the black hole at a microscopical level with a chain. This means that E c and M BH should be set equal for all values of N which fixes the N-dependence of E c as
Knowing the energy and entropy for the microcanonical chain-ensemble then allows us to determine the chain's temperature T c
where we regard N as quasi-continuous in the N ≫ 1 regime which we consider henceforth. By using the Bekenstein mass-spectrum for the black hole, the chain temperature can be expressed through the hole's mass as
where
is the Hawking-temperature of the Schwarzschild black hole. Hence we see that the chain description for a black hole is capable of giving the leading temperature consistently as the Hawking-temperature and predicts in addition a non-trivial correction smaller by a fac-
Notice that in order to reproduce the Hawking-temperature exactly without having to fix an undetermined multiplicative factor as in many other approaches, it was essential to got the proportionality constant k in (11) right. This is due to the fact that in the chain approach S BH equals an integer which fixes the overall normalisation.
THE SPECIFIC HEAT
It is a characteristic feature of the Schwarzschild black hole to possess a negative specific heat. From the laws of black hole thermodynamics this is known to be
We will now verify that the chain's specific heat leads to the same result and in addition also gives a small correction. Within the microcanonical chain-ensemble approach one obtains the following specific heat
By employing (8) this amounts to
Once more while the leading order reproduces correctly the Schwarzschild black hole result a non-trivial correction smaller by a factor
BH is predicted. It would therefore be of great interest to learn what other approaches towards a microscopic description of the D=4 Schwarzschild black hole predict for this and the related Hawking-temperature correction.
Let us conclude. Beyond its capability of explaining a Schwarzschild black hole's BHentropy [8] , [9] , we have shown here that the microscopic chain description arising from a particular configuration of two Euclidean D3 − D3 pairs, leads to a discrete Bekenstein black hole mass-spectrum and gives the correct Hawking-temperature and specific heat. In the latter two cases accompanied by non-trivial corrections. Compared to the weakly coupled String-Theory approach to describe black holes in terms of Lorentzian branes [11] , the chain approach based on Euclidean branes can rather easily deal with nonsupersymmetric macroscopic black holes. Moreover, it explicitly localises the black hole degrees of freedom -the chains -at its event horizon. It will be interesting to explore the connection between these two approaches.
